OBJECTIVE -To test the hypothesis that diabetes is independently associated with sleepdisordered breathing (SDB), and in particular that diabetes is associated with sleep abnormalities of a central, rather than obstructive, nature.
S
ome risk factors for diabetes, including obesity, visceral adiposity, and advancing age, are also associated with sleep-disordered breathing (SDB). Evidence from a growing body of research suggests that SDB is associated with adverse cardiovascular disease (CVD) risk factors and outcomes, including hypertension and myocardial infarction (1) (2) (3) . Similarly, CVD risk is substantially elevated among people with diabetes (4, 5) . Since diabetes and SDB not only share important risk factors, but also may be associated with CVD, the two conditions may be related to one another.
Diabetes may be a cause or consequence of SDB, or possibly both. One study showed that experimentally induced acute sleep deprivation can cause a state of glucose intolerance (6) . Other studies demonstrated cross-sectional relationships between sleep apnea and both fasting insulin and insulin resistance (1, (7) (8) (9) (10) and between sleep apnea and overt diabetes (11) . Snoring, which is a common symptom of SDB, has also been shown to predict the onset of diabetes in both men and women (12, 13) .
Other reports suggest that diabetic complications, particularly diabetic autonomic neuropathy, may be associated with ventilatory dysfunction. One study showed that 25% of diabetic individuals with autonomic neuropathy have sleep apnea, a proportion greater than in diabetic subjects without autonomic neuropathy (14) . Diminished heart rate variability, a common manifestation of autonomic neuropathy, (15) is present in people with SDB (16) and may contribute to the increased CVD observed in both diabetes and SDB. In addition to its known association with diminished cardiovascular reflexes, diabetic autonomic neuropathy may be associated with impaired central control of respiration (17) (18) (19) (20) (21) .
This report takes a general approach to these postulated relationships by testing the hypothesis that diabetic individuals experience more SDB than nondiabetic individuals, after adjustment for risk factors that are common to both dia-betes and SDB. Of particular interest was the hypothesis that breathing abnormalities of a central, rather than obstructive, nature would be more common in individuals with diabetes.
RESEARCH DESIGN AND METHODS
The Sleep Heart Health Study: design and parent cohorts The Sleep Heart Health Study (SHHS) is a multicenter longitudinal study designed to determine the cardiovascular and other consequences of SDB. The design and objectives of SHHS, as well as detailed descriptions of its member cohorts, protocols, and quality control procedures, have been published (22, 23) . Briefly, the SHHS consists of an ethnically diverse cohort of men and women aged Ն40 years who were members of existing parent cohorts. Parent cohorts include the Atherosclerosis Risk in Communities Study, Cardiovascular Health Study, Framingham Heart Study, Strong Heart Study, New York Hypertension Cohorts, Tucson Epidemiologic Study of Airways Obstructive Diseases, and the Health and Environment Study. The SHHS baseline examination was conducted between December 1995 and January 1998. Following a rigorous review (23) , data from 6,441 participants constitute the SHHS cohort. Detailed SHHS documentation, including protocols, data collection forms, and manuals of operation are available (24).
Collection of sleep data
All participants underwent in-home electroencephalogram (EEG)-based overnight polysomnography (PSG) using Compumedics PS (Melbourne, Australia) equipment. Data were collected on 12 channels and included oximetry (Nonin, Minnesota), heart rate, chest wall and abdominal movement (by respiratory inductance plethysmography), nasal/oral airflow (Thermocouple; Protec), body position, EEG, electrooculogram (EOG), chin electromyogram (EMG), and electrocardiogram (ECG). A key feature of the SHHS is the variety of measures collected during the SHHS PSG. These data permit distinction among various features of SDB that may have distinct etiology and risk factors.
Technicians traveled to participants' homes in the evening to connect the PSG, collect anthropometric data, administer questionnaires, and provide instructions to participants about handling the equipment. Technicians returned to participants' homes in the morning to collect the equipment. Upon returning to the field centers, technicians downloaded the sleep data and sent it to the PSG Reading Center for processing (23, 24) .
Measures of sleep disturbance
Data on several distinct aspects of SDB are included in this report. These features are categorized as either respiratory parameters or features of sleep architecture.
Respiratory parameters 1) Respiratory disturbance index. The respiratory disturbance index (RDI) is the number of apneas plus hypopneas per hour of sleep. An apnea is a complete or near complete cessation of airflow. Apneas were identified if the amplitude of the airflow or respiratory band data decreased to Ͻ25% of baseline amplitude (a period of regular breathing with stable oxygen levels) if the change lasted Ն10 s. Hypopneas were identified if airflow or respiratory effort decreased to Ͻ70% of baseline for at least 10 s, but did not fall so low as to qualify as an apnea. In most analyses reported here, only events that were associated with at least a 4% desaturation level (25) were included in the RDI, and these are presented in the text and tables. However, sensitivity analyses for definitions of RDI that were based on apneas and hypopneas that were defined using 2 and 3% destauration levels, with and without EEG arousal (26) , are also included. The reliability of scoring of the RDI has been reported (27) .
Because of their non-normal distribution, RDI variables were transformed using the formula log (RDI ϩ 0.1), which achieved an approximately normal distribution. Back-transformed RDI values are presented for ease of interpretation. In some analyses, RDI was examined as a continuous variable, and in others it was divided into clinically defined cut-points (Ͻ5, 5 to Ͻ10, 10 to Ͻ15, and Ն15) and examined as a categorical variable. 2) Obstructive apnea index; central apnea index. Apneas were further classified as obstructive if movement on either the chest or abdominal inductance channels was noted, or as central if no displacement was observed on both of these channels. Similar to the RDI, the obstructive apnea index (OAI) and central apnea index (CAI) presented in the tables were based on definitions that required events to be associated with a 4% desaturation. Sensitivity analyses were performed at different levels of desaturation (0 -4%) and/or arousal. Both OAI and CAI data were highly skewed, with a considerable proportion of participants having zero values (OAI 27%, CAI 58%). These variables were therefore categorized as binary outcome variables. We report data for Ն3 events/h, but we also performed sensitivity analyses at a series of increasingly stringent cut-points for a positive outcome: Ն1, Ն2, Ն3, and Ն 4 events/h of sleep.
3) Periodic breathing. Periodic breathing (28) was noted if 10 consecutive min of a characteristic Cheyne Stokes breathing pattern was observed in sleep (i.e., a crescendo-decrescendo breathing pattern, or gradually increasing and decreasing respiratory effort, with typical cycle lengths of 30 -60 s). 4) Percent sleep time <90% O 2 saturation (T < 90%). The percent of total sleep time Ͻ90% O 2 saturation was recorded. Since a considerable proportion (25%) of the cohort spent no time with oxygen saturation levels Ͻ90%, participants were categorized according to whether they spent Ͼ5% and Ͼ10% of sleep time with oxygen levels Ͻ90%.
Sleep architecture 5) Sleep stages. The percent of total sleep time spent in stage 1, stage 2, stages 3-4 (slow wave sleep), and in rapid eye movement (REM) sleep was scored according to standard criteria (29) . Reliability of these scores has been reported (27) . These outcomes were analyzed as continuous variables. To achieve approximate normality, the proportion of sleep time (P) in stages 1 and 3-4 were transformed according to the formula Ϫlog(Ϫlog[P ϩ 0.001]). Back-transformed values are reported for ease of interpretation.
Definition of prevalent cardiovascular disease and diabetes Definition of prevalent cardiovascular disease (CVD) was based on data reported by participants during the SHHS interview. These outcomes included history of hospitalized acute myocardial infarction, nonfatal coronary heart disease, stroke, angina, coronary artery bypass graft, and congestive heart failure. For the purposes
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Since no blood was collected as part of the baseline SHHS exam, it was not possible to ascertain diabetes according to current clinical practice guidelines (30) . Prevalent diabetes was therefore defined based on data on self-reported diabetes status and use of oral hypoglycemic medications and insulin that were collected during the SHHS interview.
Covariate data Blood pressure measurements were collected before the PSG hook-up. Hypertension was defined as blood pressure Ն140/90 mmHg or as current treatment with antihypertensive medications (31) . The medication inventory did not distinguish antihypertensive medications used for management of high blood pressure from those used for renal protection. Weight and neck circumferences were also measured during the home visit, and data on smoking status were collected by questionnaire. Data on height and lipoproteins were obtained from parent cohorts (11).
Statistical methods
The 2 and t tests were used to examine differences in proportions and means between categorical and continuous variables, respectively. These comparisons focused on differences in CVD risk factors, respiratory parameters, and sleep architecture measures between participants with and without diabetes. Descriptive analyses were supplemented by multivariable modeling in which diabetes was the primary predictor of interest. The objective of these analyses was to quantify the relationship between diabetes and various sleep measures independently of potential confounders.
Linear regression models were used to examine the relationship between diabetes and continuously distributed outcome variables, including log(RDI), and sleep stages. The logistic regression model was used to study the relationship between diabetes and the binary outcomes, including periodic breathing, CAI, OAI, and percent time with O 2 saturation Ͻ90%. In all multivariable analyses, age, sex, race, BMI, and neck circumference were forced into the model since these variables are known to be associated with both the occurrence of diabetes and SDB (4, (32) (33) (34) . Waist circumference was not included because of its high correlation with both BMI (Pearson correlation coefficient 0.74, P Ͻ 0.0001) and neck circumference (Pearson correlation coefficient 0.59, P Ͻ 0.0001).
Participants included in this report had complete data for age, race, diabetes status, BMI, and neck circumference. These inclusion criteria resulted in an analysis sample of 5,874 individuals (91.2% of the SHHS cohort). RDI data were available for the entire analysis sample. Calculation of CAI required both high-quality chest and abdominal effort data, and the OAI required high-quality airflow data. Among the 5,874 persons with complete covariate data, OAI data were available for 5,070 persons (86%) and CAI data were available for 4,462 persons (76%).
Examination of persons with prevalent CVD could generate misleading results about the association between diabetes and SDB since diabetes is common among people with CVD, and CVD is associated with some breathing disorders (35) . Therefore, we conducted sensitivity analyses in which we first examined persons without CVD (n ϭ 4,872) and then added participants with prevalent CVD (4,872 ϩ 1,002 ϭ 5,874).
RESULTS -Among 4,872 SHHS participants without CVD at baseline, diabetes was present in 470 individuals (9.6%). Diabetes prevalence increased to 11.8% with the addition of the 1,002 persons with prevalent CVD. 2 ) and triglyceride levels (188 vs. 143 mg/dl), larger waist circumferences (males 106.5 vs. 100.5 cm, females 107.6 vs. 93.4 cm) and neck circumferences (39.5 vs. 37.5 cm), and were more likely to have hypertension (67 vs. 45%). No differences in the distribution of smoking or sex were observed bet w e e n d i a b e t i c a n d n o n d i a b e t i c individuals. Native Americans and African Americans were disproportionately represented among diabetic individuals compared with whites. The addition of the 1,002 persons with prevalent CVD generally amplified differences in CVD risk factors between diabetic and nondiabetic individuals (data not shown).
It is shown in Table 2 that unadjusted geometric mean RDI was higher among diabetic compared with nondiabetic individuals (5.6 vs. 3.4 events/h). Consistent with differences in mean RDI, there was a significant difference in the distribution of diabetes across RDI categories, with proportionally more diabetic individuals in the higher categories. For example, 23.8% of diabetic subjects were in the RDI Ն15 group (a level consistent with SDB of moderate or more severity), compared with 15.6% of nondiabetic subjects. A higher unadjusted RDI was observed among diabetic individuals regardless of the use of alternative definitions of RDI (that required different degrees of oxygen desaturation and/or arousal to be linked with hypopneas and apneas included in any given RDI).
There was no difference in the frequency of obstructive breathing events between diabetic and nondiabetic participants, regardless of cut-point or definition used for identifying exclusively obstructive respiratory events (Table 2) . However, a significantly larger proportion of diabetic participants spent Ͼ10% of sleep time with O 2 levels Ͻ90% (12.4 vs. 7.6%). Although the absolute differences in unadjusted means were small, diabetic participants spent more time in light sleep (stages 1 and 2) and less time in deeper sleep (stages 3 and 4, and REM).
The prevalence of central events was small-Ͻ5% for the cut-points examined in this report. However, a larger proportion of diabetic participants experienced central events, although a statistically significant difference was observed only for the cut-points of Ն2 and Ն3 events/h (P Ͻ 0.05, both). Consistent with the finding for central events overall, the prevalence of periodic breathing among diabetic participants was more than twice the prevalence among nondiabetic participants (3.8 vs. 1.8%, P ϭ 0.002).
When analyses were repeated including the 1,002 individuals with prevalent CVD, these relationships persisted. However, differences between the diabetic and nondiabetic groups became more distinct with central events and periodic breathing (P Ͻ 0.001; data not shown).
Multivariable analyses were conducted in both analysis samples to determine whether unadjusted associations persisted after controlling for potential confounders. Linear regression analyses that controlled for age, sex, race, BMI, and neck circumference indicated no difference in adjusted geometric mean RDI between diabetic (3.7 events/h) and nondiabetic (3.6 events/h) participants (Table  3) . However, BMI, age, and male sex were associated with increased RDI. The variables in these models accounted for 27% of the variance in RDI among people without CVD and 26% of RDI variance in the entire sample. These results were consistent across alternative definitions of RDI.
Similarly, no differences between diabetic and nondiabetic participants were Table  3 ). The proportion of variability in sleep stages explained by these models ranged from 3% for REM sleep to 19% for stage 3-4. Repeating the analyses including the 1,002 participants with prevalent CVD did not alter these findings. Logistic regression analyses (Table 4 ) showed no differences between diabetic subjects and nondiabetic subjects without CVD in the adjusted odds of having RDI Ն15 events/h (OR 0.98, 95% CI 0.75-1.27). Similarly, these analyses showed no effect of diabetes on the adjusted odds of spending Ն5 or Ն10% of sleep time Ͻ90% oxygen saturation (OR 0.96, 95% CI 0.73-1.27 for Ͼ5% sleep time and OR 0.96, 95% CI 0.69 -1.35 for Ͼ10% of sleep time). Inclusion of participants with prevalent CVD did not alter these results.
A significantly increased odds of periodic breathing was observed among diabetic individuals without CVD compared with nondiabetic subjects (OR 1.80, 95% CI 1.02-3.15). Among participants without CVD, there was a suggestion of elevated odds associated with diabetes for the CAI, but the CIs overlapped 1.0 (OR 1.42, 95% CI 0.80 -2.55 for Ն2 events/h and OR 1.33, 95% CI 0.69 -2.57 for Ն3 events/h). Inclusion of the 1,002 participants with CVD strengthened associations with the CAI, although it still did not reach statistical significance. The increased adjusted odds of diabetes in relation to periodic breathing persisted when persons with CVD were included in the analysis (OR 1.74, 95% CI 1.16 -2.62).
CONCLUSIONS -This report adds to a growing body of literature linking abnormalities of glucose metabolism with SDB. Most reports on this topic focus on a causal pathway in which SDB is hypothesized to increase the risk of developing diabetes (1,6,8 -10,12,13) . A key postulated link between SDB and diabetes in this pathway is the induction by SDB of insulin resistance, a well-known risk factor for diabetes (1, 7, 10, 36) .
Our data support the idea that diabetes is associated with SDB, but they also highlight the known role of obesity in this relationship. In unadjusted analysis of the RDI (an index of respiratory disturbance that contains both central and obstructive events), we observed consistent differences between diabetic subjects and nondiabetic subjects in the number of disturbances per hour of sleep, regardless of the definition of RDI examined. However, analyses that adjusted for obesity and other risk factors substantially reduced the association of diabetes with the RDI, indicating the importance of confounding in this relationship. Consistent with findings for RDI, we observed no adjusted difference in obstructive events between diabetic and nondiabetic participants. These findings are consistent with previous reports emphasizing the role of obesity in SDB prevalence among both diabetic and nondiabetic individuals (10, 13) . The increased occurrence of SDB among persons with diabetes, even if largely explained by obesity, is nevertheless important because SDB may exacerbate underlying CVD in this high-risk population. Thus, SDB may be a treatable CVD risk factor whose ascertainment could be of particular public health importance among people with diabetes.
Among all participants, the prevalence of periodic breathing was 5.4 and 2.5% in diabetic subjects and nondiabetic subjects, respectively-a prevalence OR of 2.23. Adjusted for confounders, this association was reduced to 1.74 but was statistically significant (1.16 -2.61). In analyses of CVD-free participants, findings were essentially unchanged, despite the known relationship of certain manifestations of CVD with periodic breathing (adjusted OR 1.80, 95% CI 1.02-3.15). It is important to emphasize that the definition of periodic breathing in this study was conservative (10 min of the characteristic crescendo-decrescendo pattern), observed in sleep (usually in non-REM, and apart from sleep onset). This definition was chosen to maximize the specificity of identifying participants who exhibited periodic breathing. It is possible that the association of diabetes and periodicity among people with CVD may have been due to confounding by underlying congestive heart failure (35, (37) (38) (39) . However, the persistence of this observation in those without CVD is a unique finding that may suggest some unique etiology of periodic breathing among diabetic individuals.
In contrast to findings for central apnea, we observed no differences between diabetic and nondiabetic participants in indexes based exclusively or predominantly on obstructive events once obesity was accounted for. This relates to the strong confounding effect of obesity. We also observed no meaningful differences in sleep architecture. Although we noted a difference in adjusted time in REM sleep between diabetic subjects and nondiabetic subjects, this difference (1.1%), while statistically significant due to the large sample size, is not clinically meaningful. Similarly, adjusted regression analyses showed no differences in RDI between diabetic and nondiabetic participants. Thus, our initial observation of differences in mean RDI between diabetic and nondiabetic participants was explained by differences in common risk factors between the groups, but this was not the case for central events. Consistent with the increased frequency of periodic breathing among persons with diabetes was the suggestion of an increased occurrence of central events among diabetic subjects, a finding we initially observed both in the presence and absence of CVD and across all categories of CAI. However, the relationship between diabetes and CAI diminished below statistical significance following multiple adjustments, although the lower boundary for the CIs was 0.99 and 0.97 in some cases. The lack of statistical significance of diabetes in relation to CAI may relate to the small number of individuals with central events and to the potential misclassification of central events that may occur when using traditional noninvasive methods of distinguishing central from obstructive events (40) , and because of the more limited power to detect effects in the subsample with highquality data for both abdominal and thorax band signals. Thus, the combination of low power and misclassification of diabetes may have contributed to the absence of statistically significant associations.
Taken together, these data lead us to propose an additional (not alternate) role for diabetes in relation to SDB and CVDour data are consistent with the hypothesis that instability of breathing during sleep, particularly associated with central breathing abnormalities, may result in part from dysfunction of the autonomic nervous system, a common complication of diabetes.
This hypothesized relationship places diabetes as a risk factor for certain types of breathing abnormalities, in addition to the converse, as published recently (1,6,8 -10,12,13) . We therefore propose that diabetes may be both a cause and a result of SDB. The hypothesis that autonomic neuropathy may increase risk of breathing abnormalities is supported by a report showing that sleep apnea is more common in diabetic individuals with autonomic neuropathy than in those without (14) and others suggesting a role for autonomic neuropathy in central control of respiration (18, 19) .
At least two mechanisms may link autonomic neuropathy with a periodic (Cheyne Stokes) breathing pattern. This breathing pattern is characterized by instability in respiratory control with alternating periods of hyperventilation and hypoventilation, produced by a number of factors that disturb normal feedback control mechanisms. First, autonomic neuropathy may disturb underlying respiratory control by altering central chemoreceptor gain via disinhibiting effects contributing to the ventilatory overshoot observed. Second, impaired cardiovascular function (diminished heart rate variability and left ventricular dysfunction) common in diabetic neuropathy may prolong circulatory time and cause a delay in feedback loops involving CO 2 and/or O 2 chemoreceptors in the brain and heart, respectively. This hypothesis is supported by a report showing that increasing heart rate and cardiac output through atrial pacing reduced the number of central apneas in 15 people with symptomatic bradycardia and low ejection fraction (41) . Although this study could not link autonomic dysfunction with central sleep apnea, evidence from a rare, progressive neurodegenerative disorder supports this postulated relationship. Shy-Drager Syndrome is characterized by severe orthostatic hypotension, diminished thermoregulation, impotence, and abnormal gastric function, all common features of diabetic autonomic neuropathy (42). Sleep apnea is also common in ShyDrager, particularly central sleep apnea, and abnormalities of normal respiratory oscillation and circadian variation in blood pressure have been reported (43) (44) (45) .
Several methodologic features of this study warrant comment. To thoroughly examine the relation of diabetes to various features of SDB, we performed sensitivity analyses by including and excluding persons with prevalent CVD. The latter sample was designed to reduce 1) confounding of risk factors such as obesity that are common to both diabetes and SDB; 2) the possibility that important SDB risk factors such as obesity were not influenced by a diagnosis of CVD; and 3) the effect of the known relationship between heart failure or left ventricular dysfunction and periodic breathing. Results of these analyses were consistent with respect to associations between diabetes and various sleep measures.
It is important to stress that in the SHHS, diabetes was ascertained from data provided by the parent studies. Most of these data were self-report of diabetes as determined during parent study interviews before the baseline examination of SHHS. As a result, such factors as 1) frequency of parent study examination cycles, 2) whether the parent study collected biological samples that would influence a participant's response to an interview question, and 3) the interval between the last parent study examination and the baseline examination of SHHS would all influence self-reported diabetes in SHHS. To address the possibility that a "parent study effect" was driving associations between diabetes and the SDB measures examined here, we repeated all analyses including dummy variables representing the parent studies. Adjustment for study site had no material effect on the results.
Another issue related to self-report of diabetes is misclassification of diabetes status. It is well known that self-report of diabetes may underestimate the true prevalence of diabetes by as much as 50% (46) . Thus, it is possible the 692 persons with reported diabetes may have represented only half of the diabetic individuals in the SHHS cohort. However, additional cases identified by blood chemistry alone would likely be newer and/or milder cases with less neuropathy.
Lastly, it should be noted that measures such as heart rate variability or postural hypotension would have allowed a more direct examination of the postulated mechanisms underlying the causal pathways underpinning the hypotheses in this report. Without data providing information on the presence and/or severity of autonomic function, our hypothesis of a role of diabetic autonomic neuropathy as a risk factor for abnormalities of central respiration in diabetes remains speculative. Given this limitation, it is important to note that a well-known, populationbased study of neuropathy showed that among adults with established diabetes, the prevalence of diabetic neuropathy was 47% (47) . That nearly one-half of people with established diabetes have diabetic neuropathy supports our hypothesis for a role of this diabetic complication in sleep apnea. However, only a future study with PSG data, a large number of diabetic individuals, and measures of autonomic function will be able to directly address this hypothesis.
In summary, baseline data from the SHHS indicate no cross-sectional differences in RDI, sleep stages, or obstructive apnea between diabetic and nondiabetic individuals. Consistent, but nonstatistically significant, differences were observed between diabetic and nondiabetic persons in prevalence of central apnea, and a significant difference was observed between the groups in the prevalence of periodic breathing. It is not clear whether central sleep disturbances may be caused by diabetes or whether they may specifically relate to effects of autonomic neuropathy or other diabetic complications on control of respiration. Future research from the SHHS examining the incidence of central apnea in relation to baseline diabetes will help answer this question.
